Cancer often arises when normal cellular growth goes awry due to defects in critical signal transduction pathways. A growing number of inhibitors that target specific components of these pathways are in clinical use, but the success of these agents has been limited by the resistance to inhibitor therapy that ultimately develops. Studies have now shown that cancer cells respond to chronic drug treatment by adapting their signaling circuitry, taking advantage of pathway redundancy and routes of feedback and cross-talk to maintain their function. This review focuses on the compensatory signaling mechanisms highlighted by the use of targeted inhibitors in cancer therapy.
Cells respond to a diverse array of signal inputs that control many vital cellular processes, including proliferation, differentiation, migration, and survival. Transmission of the signals that regulate these events occurs through an elaborate network of effector pathways that work together to bring about changes in gene expression, protein function, and cytoskeletal organization required for a particular response. Given that many of these important cellular processes are routinely co-opted in human cancer, it is not surprising that the underlying effector pathways are often dysregulated in tumor cells. Moreover, it has been well established that somatic alterations in key components of these effector pathways can function as driver mutations during oncogenesis. A number of the cancer drivers as well as other core proteins in the pathways have kinase activity, and as a result, they have received much attention from the pharmaceutical industry as ''drugable'' targets for tumor therapy. The validation that a targeted kinase inhibitor could effectively treat human cancer came with the use of Gleevac (imatinib) to inhibit the Bcr-ABL tyrosine kinase in chronic myelogenous leukemia (CML) (Druker et al. 2001) . However, despite the initial success of Gleevec in chronic phase CML patients, it soon became clear that, as with conventional chemotheraputic agents, drug resistance would be a significant problem in targeted inhibitor therapy.
Resistance to inhibitor therapy can be divided into two categories: de novo and acquired (for review, see Janne et al. 2009 ). De novo resistance refers to the situation in which a drug with proven efficacy fails to elicit any detectable response from the tumor upon initial treatment. In acquired resistance, tumor cells that were initially sensitive to the inhibitor stop responding despite continued administration of the drug. Importantly, it is now known that similar mechanisms can underlie both forms of resistance and that when tumor cells do not respond to drug treatment, it is often due to mutation, loss, or up-regulation of another key signaling protein or pathway. To determine which tumors might exhibit de novo resistance, genetic profiling of the tumor is required to assess whether the tumor possesses an addiction to the protein or pathway that the inhibitor targets and whether the tumor has other genetic alterations that might confer resistance. To identify mechanisms mediating acquired resistance, approaches that have proved most successful include characterization of drug-resistant tumors from patients and the analysis of resistant cancer cell lines that emerge from the continuous culture of drug-sensitive cells with an inhibitor. These strategies have revealed several molecular mechanisms of acquired drug resistance, one of which involves mutation of the target kinase such that drug binding is disrupted. For example, mutation of the gatekeeper residue in the protein kinase domain is a common mechanism conferring resistance to numerous ATPcompetitive tyrosine kinase inhibitors (TKIs) (Carter et al. 2005) . In addition to mutation of the target kinase, signaling redundancy as well as alterations in pathway cross-talk and feedback inhibition have emerged as important contributors to drug resistance (Janne et al. 2009 ).
Cross-talk between effector pathways and feedback inhibition are vital aspects of normal signal transduction that allow cellular responses to be dynamic and adaptive (Mendoza et al. 2011) . However, when signaling is blocked by inhibitor treatment, these regulatory loops are often disrupted, causing up-regulation of pathway components and/or activation of parallel circuits. Further complicating the issue, the cross-talk and feedback loops can exist at multiple levels of the pathway, and different signaling circuits can be altered or activated, depending on where in the pathway the therapeutic intervention occurs. With regard to signaling redundancy, other members of a protein family or distinct signaling molecules can compensate for the inhibited component to maintain the activity of key downstream circuits even in the presence of drugs. Thus, acquired resistance to inhibitor therapy is not unlike the ''Whac-A-Mole'' game, where each time the mole is beaten down, he or one of his cohorts pops up again at a different site. In the case of cancer treatment, after the initial oncogene addiction is suppressed by the inhibitor, cells evolve and develop drug resistance to maintain their function, taking advantage of the diversity in the signaling network. In this review, we focus on specific signaling circuits that have been highlighted by the study of inhibitor resistance. We describe the molecular mechanisms that mediate signaling redundancy, pathway cross-talk, and feedback inhibition and discuss the implications of these compensatory signaling mechanisms in cancer therapy.
Receptor tyrosine kinase (RTK) inhibitor resistance: pathway redundancy and cellular reprogramming in ErbB-driven cancers RTKs serve as an entry portal for many extracellular cues, and in normal cell signaling, they play a critical role in recruiting the intracellular effector pathways that orchestrate a particular response (Fig. 1) . Up-regulated RTK signaling, due to mutation or amplification of the RTK, contributes to a variety of human malignancies, with members of the ErbB family being prominent cancer drivers. The ErbB family consists of four members (ErbB1/ Her1/EGFR, ErbB2/Her2, ErbB3/Her3, and ErbB4/Her4), which form active homo-and heterodimers upon ligand addition (Wieduwilt and Moasser 2008) . ErbB2 is unique among the ErbB receptors in that it does not bind a ligand directly, but is preferentially recruited as a binding partner into heterodimers. In contrast, ErbB3 does bind ligands, but is severely compromised in its catalytic activity and cannot phosphorylate exogenous substrates . Of the ErbB receptors, activating mutations in EGFR are found in 25% of non-small cell lung carcinomas (NSCLC), and ErbB2 amplification occurs in 20% of metastatic breast cancer (Wieduwilt and Moasser 2008) . Antibody inhibitors that bind regions of the extracellular domain (cetuximab, EGFR; trastuzumab, ErbB2) and ATP-competitive TKIs (erlotinib, gefitnib, and lapatinib) are in clinical use to inhibit ErbB signaling in these cancers. Although gatekeeper mutations are a primary cause of acquired resistance to the TKIs (Pao et al. 2005; Sequist et al. 2011) , pathway redundancy has emerged as an important mechanism of resistance for both classes of ErbB inhibitors ( Fig. 1 ; Janne et al. 2009; Garrett and Arteaga 2011) . In NSCLC, increased signaling through the MET receptor (typically through MET amplification) can mediate de novo and acquired resistance to EGFR inhibition in patient tumors and cell lines by engaging similar effector cascades that are activated by EGFR, thus eliminating the consequence of EGFR inactivation (Engelman et al. 2007; Guo et al. 2008; Benedettini et al. 2010; Turke et al. 2010) .
Like all RTKs, activated ErbB members function as binding platforms to recruit signaling molecules that typically fall into three categories: enzymes whose activity is stimulated by the RTK (e.g., Src, PI3K, PLCg, and Shp2); adaptors that possess protein interaction motifs (e.g., Grb2 and Shc); and docking proteins that when phosphorylated by the RTK, can bind additional signaling molecules (e.g., IRS1/2 and Gab1/2). As a result, an activated RTK complex can engage the repertoire of effector pathways that are needed for a specific biological response. In cancers driven by ErbB family members, the Raf/MEK/ ERK, PI3K/AKT/mTOR, and Src/STAT effector pathways are all activated; however, these tumors are most dependent on PI3K/AKT signaling (Sharma and Settleman 2009; Garrett and Arteaga 2011) . EGFR and ErbB2 engage the PI3K/AKT pathway by interacting with ErbB3, which contains multiple docking sites for the p85 subunit of PI3K. In NSCLCs, amplified MET receptors also interact with ErbB3 and can step in to activate PI3K when EGFR is inhibited (Engelman et al. 2007 ). Not surprisingly, other RTKs that efficiently promote PI3K signaling can also mediate EGFR inhibitor resistance. For example, activation of IGF-1R through the loss of a negative regulator, IGFBP3, has been found to compensate for EGFR inhibition in A431 squamous carcinoma cells (Guix et al. 2008) . In NSCLC and colorectal cancer (CRC) lines, increased ErbB2 signaling can confer resistance to the EGFR antibody inhibitor cetuximab and correlates with intrinsic and acquired resistance to cetuximab in CRC patients (Yonesaka et al. 2011) . Studies have also revealed that signaling redundancy and drug resistance can be bidirectional. Not only does amplified MET signaling cause resistance to EGFR inhibitors, but activation of EGFR signaling can compensate for MET inhibition in gastric carcinoma cells (Qi et al. 2010) . In breast cancer cells, EGFR activation can mediate resistance to ErbB2 antibody inhibitors , and as mentioned above, activation of ErbB2 signaling can bypass the block induced by EGFR antibody inhibitors (Yonesaka et al. 2011) .
Another mechanism of EGFR inhibitor resistance that has been observed in lung tumors as well as NSCLC lines correlates with a change in cell morphology to a mesenchymal phenotype (Yao et al. 2010; Sequist et al. 2011) . Although the cause for this transition has not been investigated in patient tumors, analysis of resistant cells from the NSCLC line H1650 have indicated a non-RTK compensatory mechanism that involves up-regulated TGFb and IL-6 signaling ( Fig. 1) . Using gene expression profiling, Yao et al. (2010) found that many of the genes differentially expressed in the resistant cells, including IL-6, were known targets of TGFb. Strikingly, the resistant cells were also found to have increased levels of TGFb secretion, indicating an autocrine loop. Further work revealed that depletion of TGFb could restore drug sensitivity; inhibit IL-6 expression, which promoted cell survival; and revert the cellular morphology back to an epithelial phenotype. Thus, in this case of acquired resistance, the engagement of a different cellular program appears to release the tumor cells from their dependency on EGFR activation. Moreover, given that inflammation has been shown to augment the expression of both IL-6 and TGFb, these findings have important implications for the role of the tumor microenvironment in the development of EGFR inhibitor resistance.
Src enters the fray as an important signaling node
Src family kinases (SFKs) are overexpressed in many cancer types and are typically associated with advanced malignancies and metastatic spread (Kim et al. 2009 ). SFKs contribute to cancer progression in a variety of ways, including effects on cell proliferation, migration, and invasion. Recent studies examining the mechanisms of resistance to ErbB2 inhibitor therapy in breast cancer have also implicated the SFKs as an important signaling node that lies downstream from multiple resistance mechanisms (Fig. 2) . In particular, SFKs have been shown to be hyperactivated in breast cancer lines whose resistance is associated with the increased expression of certain RTKs, including ErbB2 itself, EGFR, and IGF1R (Rexer et al. 2011; Zhang et al. 2011) , as well as cells that mediate an alternative survival pathway through b1 integrin ). Moreover, SFKs may help drive resistance in cells that overexpress RTKs by initiating a positive feedback loop. When SFKs interact with activated RTKs, a conformational change occurs in the SFKs that promotes their activation. Activated SFKs are then able to phosphorylate a diverse spectrum of substrates, some of which are the RTKs themselves. In the case of EGFR and ErbB2, phosphorylation by SFKs facilitates receptor dimerization and interactions with ErbB3, thus up-regulating ErbB family signaling (Wheeler et al. 2009; Rexer et al. 2011; Zhang et al. 2011) .
Investigation of SFK function in breast cancer signaling has also brought the regulatory relationship between SFKs and the PTEN tumor suppressor into sharper focus (Fig. 2) . Loss of PTEN expression is observed in many malignant tumors and is often a marker for advanced neoplastic disease (Li and Ross 2007) . PTEN regulates PI3K/AKT signaling through its lipid phosphatase activity, which antagonizes PI3K function by converting PIP3 to PIP2. Reports have identified PTEN as a direct and indirect downstream target of SFKs, with SFKs inducing phosphorylation events that inhibit the membrane recruitment and function of PTEN (Lu et al. 2003; Liang et al. 2010) . As a result, in breast cancer cells that express PTEN, preventing Src activation can contribute to the clinical benefit of ErbB2 inhibition by relieving the repression on PTEN (Nagata et al. 2004 ). It should be noted, however, that this beneficial effect may be abrogated when erythropoietin (EPO) is combined with ErbB2 therapies to combat treatment-related anemia. Although EPO is a cytokine that stimulates erythrocyte production in the bone marrow, its receptor (EpoR) is also expressed in a significant number of primary tumors and breast cancer lines that are ErbB2-positive (Liang et al. 2010) . In cells that coexpress EpoR and ErbB2, EpoR activation has been found to reduce the effectiveness of trastuzamab by promoting Src activation (via the JAK2 kinase) and, in turn, PTEN phosphorylation and inactivation (Liang et al. 2010) .
In a reciprocal manner, PTEN has also been implicated as a negative regulator of the SFKs. PTEN is well known for its lipid phosphatase activity; however, it was first characterized as a dual specificity protein phosphatase (Myers et al. 1997) , and it is the protein phosphatase activity of PTEN that has been attributed to SFK regulation. Using PTEN-deficient cells reconstituted with wildtype or mutant PTEN proteins, Zhang et al. (2011) found that PTEN could modulate activated Src levels in breast cancer lines and that this ability correlated solely with the protein phosphatase activity of PTEN. Similar results have been observed in studies examining PTEN function in glioma cell migration (Dey et al. 2008) . Moreover, the work of Dey et al. (2008) indicates that loss of PTEN, which occurs in >60% of gliomas, may in part promote integrindirected cell migration through up-regulated SFK signaling.
SFKs have important functions with regard to cell motility; however, they also promote cell proliferation and survival by activating members of the STAT transcription factors, chiefly STAT3. In cancer cells, SFK inhibitors dramatically reduce cell migration and invasion, but have only a modest effect on cell survival (Johnson et al. 2005) . Interestingly, activated STAT3 has been identified in preclinical studies as a potential biomarker for SFK inhibitor resistance, suggesting a compensatory circuit for STAT3 activation (Johnson et al. 2007 ). Insight as to how STAT3 might be reactivated in Srcinhibited cells comes from work conducted by the laboratory of Dr. Faye Johnson (Byers et al. 2009; Sen et al. 2009 Sen et al. , 2012 . In initial studies using NSCLC and head and neck squamous cell carcinoma (HNSCC) lines, sustained SFK inhibition was shown to cause only a transient inhibition of STAT3, with reactivation dependent on JAK2 kinase activity (Byers et al. 2009; Sen et al. 2009 ). Subsequent work revealed that the JAK2-dependent reactivation of STAT3 involves the SOCS2 protein and another STAT family member, STAT5 (Sen et al. 2012) . In contrast to STAT3, the inhibition of STAT5 by SFK TKIs was lasting, resulting in reduced expression of SOCS2 via STAT5A inhibition. SOCS2 is a known inhibitor of JAK/STAT binding (Rico-Bautista et al. 2006) , and the overexpression of SOCS2 was shown to prevent STAT3 reactivation and enhance the cytotoxic effects of SFK inhibitor treatment (Sen et al. 2012) . In this signaling circuit, SFK inhibition leads to diminished SOCS2 expression via sustained STAT5A inhibition, thus allowing JAK2/STAT3 binding and reactivation of STAT3 (Fig. 2B) .
Blockade of PI3K/AKT/mTOR signaling: effects on pathway cross-talk and feedback inhibition The PI3K/AKT/mTOR effector pathway is one of the most dysregulated signaling cascades in human cancer (Yuan and Cantley 2008 ). The pathway is typically ''ON'' in human tumors due to activation by oncogenic RTK and Ras proteins, loss of PTEN, or mutational activation of key pathway components, such as PI3KCA or AKT. Under normal signaling conditions, PI3K is recruited to the cell surface through binding to either an RTK, an RTKassociated protein, or GTP-bound Ras. At the membrane, PI3K phosphorylates PIP2 to generate PIP3, a critical second messenger that is needed for the subsequent membrane localization of the downstream kinases PDK1 and AKT (Cantley 2002) . AKT is well known for its role in promoting cell survival and is activated at the cell surface through phosphorylation events mediated by PDK1 and mTORC2. mTORC2 and mTORC1 are multiprotein kinase complexes, with mTOR functioning as the catalytic component in each. Interestingly, while AKT is a down- stream substrate of mTORC2, it also functions as an upstream regulator of mTORC1, a central signaling node that integrates growth signals with nutrient and energy supplies (Huang and Manning 2009; Zoncu et al. 2011) . In growth factor signaling, AKT promotes mTORC1 activation by phosphorylating the TSC1/TSC2 tumor suppressor complex and blocking its inhibitory effect on the RhebGTPase, which is an activating subunit of mTORC1. Activated mTORC1 drives protein synthesis, and two of its key substrates are S6K and 4E-BP1 (Burnett et al. 1998) .
Early studies characterizing mTORC1 were aided by the use of rapamycin, a natural product inhibitor that targets the mTORC1 complex but has little effect on mTORC2 (Sabatini et al. 1994) . Strikingly, the continued use of rapamycin and its derivatives (rapalogs) in cell culture systems and cancer treatment has highlighted the existence of numerous mTORC1-dependent feedback circuits that when unleashed, can impact drug resistance (Fig. 3) . The first and best-characterized of these feedback loops impinges on the IRS1 docking protein and is mediated by mTORC1-activated S6K. Biochemical studies have shown that active S6K down-regulates the expression of IRS1 through poorly understood transcriptional mechanisms and can block IRS1 function by direct phosphorylation (Harrington et al. 2004; Shah et al. 2004 ). Specifically, phosphorylation of IRS1 by S6K inhibits binding to the insulin receptor (IR) and IGF-1R and promotes IRS1 degradation. mTORC1 inhibition severs this feedback loop, and elevated AKT activation that correlates with increased IRS1 levels has been observed in breast cancer lines and patient tumors treated with rapamycin or rapalogs (O'Reilly et al. 2006) .
Inactivation of S6K through mTORC1 inhibition has also been found to promote PI3K/AKT activity through IRS1-independent mechanisms, one of which involves up-regulated RTK signaling that promotes PI3K activation. Through relief in S6K transcriptional effects, increased expression of PDGFR in mouse embryo fibroblasts (Zhang et al. 2007 ), up-regulation of IGF-1R in rhabdomyosarcoma lines (Wan et al. 2007) , and activation of an IGF-1/IGF-1R autocrine loop due to the increased expression of IGF1 and IRS2 in AML cells (Tamburini et al. 2008) have all been reported to activate AKT in rapamycintreated cells. Another feedback mechanism mediated by S6K involves phosphorylation of Rictor, a protein specific to the mTORC2 complex. Three independent studies have found that S6K phosphorylates Rictor on T1135 in a rapamycin-sensitive manner and that this phosphorylation represses the function of mTORC2 as an AKT activator (Dibble et al. 2009; Julien et al. 2010; Treins et al. 2010 ). Phosphorylation of this site did not inhibit mTORC2 assembly or catalytic activity, but was found to mediate binding of 14-3-3 proteins, suggesting that sequestration of the complex may be involved.
In addition to feedback inhibition mediated by S6K, two key studies published in 2011 report another feedback mechanism that is the direct result of mTORC1 activity (Hsu et al. 2011; Yu et al. 2011) . In both studies, a phosphoproteomic screen was conducted to uncover new substrates of the mTOR complexes, and Grb10 was identified as a specific mTORC1 substrate. Grb10 belongs to a small family of adaptor proteins that interacts with activated IR and IGF-1R. Binding of Grb10 suppresses the intrinsic kinase activity of these receptors, which in turn blocks the phosphorylation of key downstream substrates (Stein et al. 2001 ). mTORC1-dependent phosphorylation of Grb10 was shown by both groups to prevent Grb10 degradation, thus increasing Grb10 levels and its inhibitory potential. Notably, analysis of tumor microarray data indicates that mRNA expression of Grb10 is reduced in Complexity in the signaling network a variety of human cancers, suggesting that Grb10 may have tumor suppressor activity (Hsu et al. 2011; Yu et al. 2011) .
Feedback loops emanating from mTORC1 can also inhibit signaling in the parallel ERK pathway. In the studies described above, depletion of Grb10 was found to increase ERK activation as well as PI3K/AKT signaling (Hsu et al. 2011; Yu et al. 2011 ). This effect is likely due to a relief in the Grb10 block on IR and IGF-1R, which also affects signal transmission to the ERK effector cascade. In addition, elevated ERK activation has been observed in tumors of metastatic cancer patients treated with the rapalog Rad-001. Using cell culture systems to further elucidate this effect, Carracedo et al. (2008) found that the hyperactivation of ERK required Ras, PI3K, and MEK function, but not mTORC2 or AKT activity, and could be abrogated by a constitutively active S6K. These findings indicate an S6K-mediated brake on PI3K, whose relief promotes Ras-dependent ERK activation. Although ERK activation could be suppressed by PI3K inhibitors, the mechanism for how S6K mediates a brake on PI3K or how PI3K promotes Ras to ERK signaling remains unclear.
PI3K/AKT signaling affects various cellular processes in addition to mTORC1 activation, and it is not surprising that drugs that target upstream components in the pathway have exposed mTORC1-independent feedback circuits that can alter inhibitor therapy (Fig. 3) . One such circuit involves the FOXO transcription factors, known substrates of the AKT kinase. Under normal signaling conditions, phosphorylation of the FOXOs by AKT promotes 14-3-3 binding, which sequesters these transcription factors in the cytosol (Tzivion et al. 2011) . Inhibitors that suppress AKT signaling can promote the nuclear localization of FOXO, thus inducing FOXO-dependent transcriptional changes that increase the expression of certain signaling receptors. In ErbB2-expressing breast cancer cells, inhibition of PI3K or AKT, but not mTORC1, has been found to promote the expression of ErbB3, causing increased ErbB2/ErbB3 signaling and compensatory activation of the ERK cascade . Further studies have revealed that AKT inhibition induces ErbB3, IR, and IGF-1R mRNA and protein levels in various cancer lines and that this effect can be largely abrogated by FOXO depletion . The FOXO proteins appear to be directly responsible for the induced transcription of the receptor genes and could be coimmunoprecipitated with their 59 untranslated regions (UTRs). Activation of FOXO3a has also been found to up-regulate estrogen receptor (ER) levels and ER signaling in breast tumors and cancer lines that overexpress ErbB2 and are ER + (Guo and Sonenshein 2004) . Moreover, in BT474 breast cancer cells, ER signaling induced by AKT inhibition and FOXO3a derepression was able to promote cell survival in the presence of the EGFR/ErbB2 inhibitor lapatinib (Xia et al. 2006) . In this and all cases where receptor expression was induced by FOXO activation, combined inhibition of the up-regulated receptor and the PI3K pathway has been shown to restore growth arrest.
Blockade of Raf/MEK/ERK signaling: pathway reactivation and up-regulation of parallel circuits
Another effector pathway that is up-regulated in a high percentage of human tumors is the ERK cascade, comprised of the Raf, MEK, and ERK kinases (for review, see Shaul and Seger 2007) . These kinases are activated in a sequential manner through direct phosphorylation, and a primary function of ERK signaling is to promote cell cycle progression and cell proliferation. Under normal conditions, engagement of the ERK cascade begins when members of the Raf family interact directly with activated Ras. Binding to Ras recruits the cytosolic Raf proteins to the plasma membrane, disrupts their autoinhibited state, and promotes their activation through the formation of Raf homo-and heterodimers. Once activated, the Raf kinases phosphorylate and activate MEK1/2, which in turn phosphorylates and activates ERK1/2.
In human cancer, ERK signaling is driven by oncogenic Ras and RTK proteins, as well as by mutationally activated B-Raf proteins. Oncogenic B-Raf mutations generally bypass the need for Ras binding and promote constitutive Raf activation by destabilizing the inactive kinase conformation (Wan et al. 2004 ). Although numerous B-Raf mutations have been identified in human cancer, alterations affecting Val 600 predominate and cause high catalytic activity. The observation that the V600E-B-Raf mutant is found in ;50% of malignant melanomas as well as many colorectal and thyroid cancers has hastened the development of a variety of ATP-competitive Raf inhibitors, some of which have high specificity toward V600E-BRaf. Strikingly, the use of these drugs has revealed one of the most unexpected consequences of targeted inhibitor therapy in that they all paradoxically promote Raf signaling under conditions where Raf is activated via dimer formation (Hatzivassiliou et al. 2010; Heidorn et al. 2010; Poulikakos et al. 2010) . More specifically, when the Rafs localize with Ras at the membrane, binding of the inhibitor to one member of the Raf dimer appears to stabilize dimer formation and induce a conformational change that promotes the activation of the second dimer member. Thus, while these inhibitors effectively block ERK activation driven by V600E-B-Raf, they stimulate ERK signaling in the presence of oncogenic or normally activated Ras proteins. Further complicating the issue, some of the Raf inhibitors also promote binding between the B-Raf kinase and members of the closely related KSR scaffold family (Hu et al. 2011; McKay et al. 2011) . In these cases, high expression of KSR can moderate the effect of inhibitor treatment by restricting B-Raf's ability to dimerize with other Raf proteins.
This complexity in inhibitor effects is the proverbial two-edged sword, having both advantages and disadvantages. The primary advantage is that when used to treat tumors driven by V600E-B-Raf, these inhibitors specifically suppress ERK activation in tumor cells but not in normal cells, thus reducing toxicity. However, a major disadvantage is the demonstrated ability of the Raf inhibitors to facilitate secondary tumor formation (Lacouture et al. 2012) . Approximately 15%-30% of patients treated with these drugs develop skin keratoacanthomas and/or squamous cell carcinomas that can harbor H-Ras mutations (Su et al. 2012b) . Although these tumors are easily detected and removed, the potential for tumor progression in internal tissues that possess dormant Ras mutations raises significant concern for the use of these inhibitors in long-term or adjuvant therapies. Also of concern is that paradoxical Raf activation can promote resistance to the Raf inhibitors, with perturbations that induce Raf dimerization detected in resistant tumors and cell lines (Solit and Rosen 2011) . Interestingly, paradoxical Raf activation can also influence responses to the Bcr-ABL inhibitors imatinib, nilotinib, and dasatinib that have weak off-target activity against Raf. These inhibitors have been recently shown to promote Ras-dependent Raf dimerization, and when drug-resistant Bcr-ABL mutants emerge, the reactivation of Ras drives the paradoxical activation of Raf, thus increasing the dependency of the resistant CML cells on ERK signaling (Packer et al. 2011) .
To date, the mechanisms of Raf inhibitor resistance have been evaluated mainly in the context of melanoma patients and various cancer cell lines that express V600E-B-Raf. Somewhat unexpectedly, secondary mutations that disrupt inhibitor binding have not been observed, even though mutation of the B-Raf gatekeeper site is known to prevent drug binding ). As indicated above, several of the identified mechanisms of resistance have the consequence of promoting the dimerization of wild-type Raf proteins in drug-treated cells (Fig. 4) . These mechanisms include activating mutations in N-Ras or K-Ras (Nazarian et al. 2010; Su et al. 2012a ), increased expression of B-Raf or C-Raf (Corcoran et al. 2010; Johannessen et al. 2010) , and increased signaling through RTKs that promote Ras activation (Nazarian et al. 2010; Villanueva et al. 2010) . In addition, a splice variant of V600E-B-Raf that has enhanced dimerization potential has recently been identified in melanoma lines resistant to the Raf inhibitor vemurafenib (Poulikakos et al. 2011) . These truncated proteins lack the Ras-binding domain and dimerize in a Ras-independent manner. Dimerization of these truncated V600E mutants was found to be critical for inhibitor resistance, as mutation of their dimer interface restored drug sensitivity. Strikingly, V600E B-Raf splice variants that lack the Ras-binding domain have been observed in a significant number of relapsed melanoma patients, and these transcripts were not detected prior to treatment (Poulikakos et al. 2011) .
The pertubations that promote Raf dimerization are known to reactivate ERK signaling in drug-treated cells, and in general, acquired resistance to Raf inhibitors can be divided into two categories: one that is dependent on ERK reactivation and another that involves the up-regulation of alternative pathways that reduce ERK dependency (Fig. 4) . Additional examples of the first category include mutational activation of MEK1 (C121S) (Wagle et al. 2011) and increased expression of the Cot1 kinase, which directly activates MEK (Johannessen et al. 2010) . Examples of the second category include activating mutations in AKT3 (Shao and Aplin 2010) and up-regulated signaling from certain RTKs, including the PDGFR and the IGF1R (Nazarian et al. 2010; Villanueva et al. 2010) . Although these receptors can activate the ERK cascade, they strongly promote PI3K/AKT signaling, and increased AKT activation has been observed in resistant tumors and cell lines with up-regulated PDGFR or IGF1R signaling. Notably, in many of the cases where Raf inhibitor resistance is mediated by ERK reactivation, such as in cells expressing activated Ras proteins or truncated V600E-B-Raf mutants, the addition of MEK inhibitors has been found to restore growth arrest (Nazarian et al. 2010; Villanueva et al. 2010; Poulikakos et al. 2011) . In contrast, when upregulation of PI3K/AKT signaling is observed, the addition of MEK inhibitors has little effect, and combined inhibition of both the PI3K and ERK pathways is required for a cytotoxic response .
Drugs targeting the MEK kinases have also been used in the clinical setting. Although MEK mutations are rare in human cancer, MEK is often up-regulated in tumors due to mutational activation of upstream pathway components. Recent studies examining colon cancer lines resistant to the allosteric MEK inhibitor AZD6244 have found that an activating MEK1 mutation (F12L) or upregulation of driver oncogenes (G13D-K-Ras or V600E-B-Raf) can mediate drug resistance. In particular, when the driver oncogene was G13D-K-Ras, K-Ras amplification was found to reactivate multiple Ras effector pathways. However, when V600E-B-Raf was the amplified driver, only ERK signaling was reactivated, and cotreatment with MEK and Raf inhibitors could restore growth arrest. These findings further support the model that in tumors with a high dependency on ERK signaling, the combination of Figure 4 . Mechanisms of Raf inhibitor resistance. Raf inhibitor resistance can occur through mechanisms that reactivate ERK signaling, including activating Ras mutations (1), increased Raf expression (2), truncation of V600E-B-Raf (3), increased Cot1 expression (4), and activating MEK mutation (5). Activation of compensatory pathways, such as up-regulated PDGFR (6) and IGF-1R signaling (7), can also confer Raf inhibitor resistance.
Raf and MEK inhibitors may have increased clinical efficacy than either therapy alone.
Concluding remarks
Cancer treatment continues to evolve from the sledgehammer approach of agents that kill diseased and healthy cells indiscriminately to the silver bullet approach of targeted therapeutics that selectively inhibit a critical signaling component in the tumorigenic pathway. To date, however, these silver bullets have been unable to deliver a fatal blow to a human cancer and have only provided a temporary reprieve due to the development of drug resistance. Elucidating the mechanisms of inhibitor resistance has emphasized the need to confront a complicated disease such as cancer from a signaling network perspective, taking into account how effector pathways interconnect and adapt. In addition, these studies have demonstrated the importance of understanding the detailed regulatory mechanisms involved in signal transduction. Thus, in this new era of personalized cancer therapy, decades of research spent studying signaling pathways through genetic and biochemical means is proving to be highly valuable in helping to understand tumor profiles, establish biomarkers, and guide choices for combinatorial drug therapies. In particular, studies investigating the mechanisms of resistance have established that combined inhibition of the driver oncoprotein and key pathways or proteins commonly activated in drug resistance should prove beneficial. Moreover, it is now clear that patient profiling will be critical for determining the first and subsequent lines of combinatorial treatment and that monitoring of tumors at the signaling level during treatment will be required to achieve a durable response. The ultimate hope is that some combination of silver bullets will impose a series of signaling blocks that cannot be bypassed, thus delivering a mortal wound that eradicates the cancer.
